As a soil amendment, biochar can significantly improve soil quality and crop growth. Few studies, however, have explored biochar effects on crop quality. This study investigated the amendment effects of bamboo biochar pyrolyzed at different temperatures on plant growth and fruit quality of tomato (Solanum lycopersicum L.). Tomato 'Micro-Tom' plants were grown in a sand medium amended with 0, 1, and 3% of biochars produced at 300 • C, 450 • C, and 600 • C, respectively. Plant growth was monitored, and fruit harvested at the red stage was analyzed for color, texture, soluble solids content, sugars, ascorbic acid, and acidity. Results showed that biochars produced at 300 • C and amended at 3% or pyrolyzed at 450 • C and amended at 1% increased plant growth index. Contents of glucose, fructose, soluble solids, ascorbic acid, and sugar-to-acid ratios of fruits produced from the two treatments were significantly higher than the other treatments. The improved plant growth and fruit quality were related to the higher concentrations of NO 3 , P, Ca, and Mg in the growing media. Our results suggest that optimizing biochar use can be achieved by targeting biochar production conditions and application rate, which resulted in desirable amendment and fruit quality effects.
Introduction
In today's agricultural practices, biochar is receiving renewed interest as a source of value-added bioproducts and bioenergy. Biochar supports sustainability because it is made from forest and agricultural residues; its application improves physical and chemical properties of soil, increasing agricultural productivity [1] . The highly aromatic structure of biochar is more stable than the organic matter from which it was made, increasing long-term soil carbon sequestration and storage due to its slower rate of degradation to CO 2, than most other organic matter [2] [3] [4] .
Generally, increasing biochar production temperature increases surface area [5] . However, not all biochars are created equal. Potential applications of biochar are dependent on their physical properties, such as surface area, functional groups, and elemental composition [6] . Such physical properties are influenced by biochar production factors, such as the type of feedstock, pyrolysis method, and pyrolysis temperature [7, 8] . An in-depth comparison of feedstock types and pyrolysis temperature by Sun et al. [8] showed that even amongst different feedstocks, biochars produced at higher temperature had larger surface areas. Overall, pyrolysis temperature and feedstock types are the most important factors in determining biochar properties and thus their application.
Biochar's benefits to soil have been attributed to increasing soil water-holding capacity, cation exchange capacity (CEC), and nutrient availability [9] [10] [11] [12] [13] . The highly porous structure of biochar increases the water-holding capacity of sandy soils, improving the efficiency of water use in agricultural production. Consequently, the largest impact from biochar amendment would likely be seen in sandy soils that have low CECs [14] . Increased crop growth and yield is a commonly reported benefit of amending soils with biochar [12, 15, 16] . The effects of biochar on crop productivity are, however, diverse [17, 18] . The employment of biochar as a soil amendment in agriculture systems should result in not only increased production but also a positive impact on the nutritional value and overall quality of crops [19] .
'Micro-Tom,' a dwarf tomato (Solanum lycopersicum L.) cultivar, is known for its small plant size and rapid growth cycle constituting a convenient model system for research on tomato development and quality [20, 21] . Color is one of the most important quality attributes affecting tomato appearance and consumer acceptance and has also been shown to be greatly correlated with the lycopene content [22, 23] . Tomato fruit firmness also has a major impact in consumer acceptability because it is associated with good eating quality and shelf life [24] . In addition to color and firmness, measurements of sugars and acidity can be used to estimate desirable sweet and sour flavor attributes [25] . These sensory and physicochemical quality characteristics of fresh fruits and vegetables are greatly affected by pre-harvest factors, such as weather, moisture content of the soil, use of growth regulators, and soil fertility [26] .
Success of biochar application, in most published studies, has limited their definition as either increased yield or above-ground biomass and very little is known about biochar effects on sensorial and psychochemical attributes of fruits and vegetables [27] . One of the few studies showed that a mix of rice husk and cotton seed biochar produced through pyrolysis at 400 • C enhanced soil water holding capacity under reduced irrigation and also produced fruit with quality comparable to that of tomatoes grown under full irrigation [28] .
While previous studies have tested various types of biochars (from different feedstocks) as soil amendment to the growth of crops, few studies have focused on how pyrolysis temperatures affect biochar as soil amendment with respect to the development of plants. Furthermore, there are no studies comparing the effect of soil amendment effects biochar pyrolysis temperature on fruit quality. Thus, the overarching objective of this work was to determine and compare the effects of biochars from different pyrolysis temperatures as soil amendment on tomato growth and quality. Greenhouse growth studies and laboratory analysis of resulting fruit quality were conducted to accomplish the objective.
Materials and Methods

Biochar Production and Characterization
Bamboo feedstock was collected locally (Gainesville, FL, USA) and dried and pyrolyzed at temperatures of 300 • C, 450 • C, and 600 • C using a furnace apparatus (Bartlett 3K-CF, Fort Madison, IA, USA) (Supporting Information). The resulting biochars were used in their pristine form after being ground into fine particles of size smaller than 0.45 mm. The bulk density of the biochars was approximately 0.29 g/cm 3 . Major inorganic elements of the biochars were determined by acid digestion of the samples followed by inductively-coupled plasma atomic emission spectroscopic (ICP-AES, Perkin Elmer Optima 2100 DV) analysis. The N 2 surface areas of the biochars were determined using the Brunauer-Emmett-Teller (BET) method on Quantachrome Autosorb 1 (Boynton Beach, FL, USA) at 77 K in the 0.01-0.3 relative pressure range of the N 2 adsorption isotherm. The CO 2 surface areas of the biochars were measured with CO 2 sorption isotherms at 273 K. Cation exchange capacity (CEC) and anion exchange capacity (AEC) of the biochars were determined following the procedures published [29] .
Growth Media
Coarse white sand (The Sandbag Store, Las Vegas, NV, USA) with particle size from 0.40-0.55 mm was used as a main medium component. Sand was washed five times with tap water, followed by a wash with deionized water and dried at 80 • C for one month. Small pots (bottom and top diameters of 7 and 9.5 cm, a height of 7.5 cm, and a volume of 300 mL) were filled with coarse sand (up to a volume of 270 mL; the mass of coarse sand at this volume was 435 g) that was pre-mixed (on a mass basis) with 0% (control), 1%, or 3% of each biochar type (300 • C, 450 • C, and 600 • C), respectively. Each pot was considered as an experimental unit, and there were either 10 or 15 replicate pots per treatment in different replicated experiments. The resulting treatments will be henceforth referred to as: 300 Low (1% biochar), 300 High (3% biochar), 450 Low, 450 High, 600 Low, and 600 High, and control (0% biochar).
Tomato Production
'Micro-Tom' tomato seeds were purchased from Totally Tomatoes Co. (Randolph, WI, USA) and germinated in 72-cell plug trays with a soilless substrate. Two weeks after germination, seedlings were transplanted singly into pots. All plants were grown in a greenhouse at the University of Florida's Mid-Florida Research and Education Center (MREC) in Apopka, FL. The light intensity of the greenhouse was 2000 µmol/m 2 /s, the temperature ranged from 20-30 • C, and the relative humidity ranged from 50% to 100%. A solution was made weekly using Peters Professional 20-20-20 General Purpose fertilizer (Scotts, Maryville, OH, USA) containing a N concentration of 200 mg/L. Plants were fertigated (i.e., both fertilization and irrigation occur at the same time) with the solution being applied once or twice a week depending on plant size. To monitor plant growth, canopy height, widest width, and width perpendicular to the widest width of each plant were recorded. The three measurements were multiplied to give the canopy volume, commonly called plant growth index (GI) as described in Reference [30] . After approximately 9 weeks of transplanting, tomato fruit at the full red color stage were harvested from each plant and weighed. Yield was assessed by counting the total number of full red fruit harvested per plant.
Nutrient status of potting media was examined by analyzing elements in leachates. Three plants from each treatment were randomly selected for leachate collection using the pour through method [31] . Elemental P, Ca, and Mg in the leachate were quantified by acid digestion of the samples followed by inductively-coupled plasma atomic emission spectroscopic (ICP-AES) analysis. NO 3 -N in the leachate was determined using the AQ2 Discrete Analyzer (Seal Analytical Inc., Mequon, WI, USA).
Fruit Quality Analysis
Fruit physical properties, such as color and size, were measured right after harvest. Samples intended for compositional measurements were homogenized on the day of harvest and kept frozen at −30 • C in air-tight plastic bags until analysis.
Fruit diameter of at least 30 fruits from each treatment was measured for an estimation of size. A total of two color measurements were taken on the opposite sides of the fruit at the equatorial region of each tomato that was large enough to cover the 8-mm aperture of the colorimeter. A hand-held tristimulus reflectance colorimeter (Model CR-400, Minolta Co., Ltd., Osaka, Japan) equipped with a glass light-projection tube (CR-A33f, Minolta Co., Ltd., Osaka, Japan) was used. The color was recorded using the CIE-L*a*b* uniform color space (CIE-Lab), L* (lightness), a* (redness), and b* (yellowness) values. Numerical values of a* and b* were converted into hue angle using the Konica Minolta CR-400 Utility software CR-S4w (2002-2010 Konica Minolta Sensing, Inc., Osaka, Japan).
Fruit firmness was measured using a texture analyzer (model TA.TX Plus, Texture Technologies Corp, NY, USA) fitted with a 35 mm flat compression plate and equipped with a 50-kg load cell. A tomato fruit was placed stem end down on the flat surface of the texture analyzer, thus applying pressure on the blossom-end of the fruit. The plate was then driven with a crosshead speed of 1 mm s −1 , and the compression force was recorded at 3 mm deformation. The force required to compress the fruit by 3 mm was recorded in kgf and then converted to newtons (N = kgf × 9.8).
Total ascorbic acid (AA) was determined using the method described in Reference [32] . Tomato tissue was homogenized and 4 g of homogenate was mixed with a 20 mL metaphosphoric acid mixture (6% HPO 3 containing 2 N acetic acid). Samples were then filtered (0.22 µm) prior to high-performance liquid chromatography (HPLC) analysis. AA analysis was conducted using a Hitachi LaChromUltra UHPLC system with a diode array detector and a LaChromUltra C18 2 µm column (2 × 50 mm) (Hitachi, Ltd., Tokyo, Japan). The analysis was performed under isocratic mode at a flow rate of 0.5 mL/min with a detection wavelength of 254 nm. The sample injection volume was 5 µL, each with duplicate HPLC injections. The mobile phase was buffered potassium phosphate monobasic (KH 2 PO 4 , 0.5% w/v) at pH 2.5 with metaphosphoric acid (HPO 3 , 0.1% w/v). The retention time of the ascorbic acid peak was 2.5 min. The peak was identified after comparison of retention time with the ascorbic acid standard. The total AA content was expressed in terms of the fresh weight (mg AA/100 g).
Individual sugar analysis was conducted using a Hitachi HPLC system with a refractive index detector and a 300 mm × 8 mm Shodex SP0810 column (Shodex, Colorado Springs, CO, USA) with a SP-G guard column (2 mm × 4 mm). Aliquots of 4-g fruit puree were mixed thoroughly with 4 mL ultrapure water, vortexed, and centrifuged at 1600 × g n for 20 min. The supernatant was decanted and filtered through a 0.45 µm nylon syringe filter. The sample injection volume was 5 µL, each with duplicate HPLC injections. The isocratic solvent delivery of water was set at 1.0 mL/min. The sample injection volume was 5 µL. Standard solutions of sucrose, glucose, and fructose (Fisher Scientific Company, Pittsburgh, PA, USA) were used to identify sample peaks. The peaks were identified by comparing retention times with those of the standards. The amount of total sugars in tomato was quantified using calibration curves obtained from different concentrations (2, 4, 6, 10, and 20 mg/mL) of sucrose, glucose, and fructose standards. Three samples per treatment (2 g fruit puree) were used, each with duplicate HPLC injections. The total sugar and individual sugar contents were expressed in g·100 g -1 fresh weight.
The supernatants of thawed and filtered homogenates were analyzed for titratable acidity (TA), and soluble solids content (SSC). For TA, 6.0 g aliquots of the supernatant were diluted with 50 mL distilled water and titrated with 0.1 N NaOH to an end point of pH 8.2 with an automatic titrator. Results were converted to percent citric acid using the method described in Reference [33] . The SSC of the supernatant was determined with a digital ATAGO PR-101 refractometer with a 0% to 45% range (Atago, Tokyo, Japan).
Statistical Analysis
Data were subjected to analysis of variance (ANOVA) and Duncan's multiple range tests with the package "agricolae" [34] using R Version 3.1.1 (www.cran.r-project.org). Significant differences between treatments were determined at the 95% confidence level (P ≤ 0.05). All harvests showed significantly different effects for all treatments evaluated and were therefore analyzed separately.
Results & Discussion
Biochar Properties
Biochar pyrolyzed at 600 • C showed the highest surface area while biochar made at 300 • C had the lowest surface area (Table 1) . With increasing pyrolysis temperature, surface area increased, which agrees with previously published findings [7, 8] . Surface area is one of the most important factors that influence biochars' functionality, as larger surface area results in more porous structures within the biochar [29, 35] . The CO 2 surface area is correlated with presence of micropores (<1.5 nm diameter); while the N 2 surface area is indicative of mesopores (<50 nm diameter). Both meso-and micropores, inherited from the architecture of the feedstock, can hold air or water, greatly influencing the water holding capacity and reducing the bulk density of the entire biochar particle [6] . Because the density of biochar is lower than that of some minerals, biochar application can also change soil bulk density [16] ; with possible effects on soil water relations, rooting patterns, and soil microbiota [36] .
Elemental analysis of the biochars showed that higher temperature biochars contained higher concentrations of elements (Table 1 ). Statistical analysis (not shown), however, indicated no significant difference between mineral compositions amongst different temperature-treated chars. The pH of the biochars ranged from 5.2-7.9, which are within the range of values reported in the literature [8, 35] . The biochar produced at 450 • C had the most acidic pH at 5.2, whereas the char made at 600 • C had the most basic at 7.9 (Table 1) . Typically, biochars produced at 450 • C develop more surface functional groups than those of 600 • C and some of these functional groups, particularly oxygen-containing groups, such as carboxyl, are weakly acidic [37, 38] . All the three bamboo biochars had relatively high CEC, but low anion exchange ability (Table 1) .
For practical application, it is necessary to use biochars with a long-term stability in soil, i.e., they resist various decomposition processes over a long period of time. Singh et al. (2012) explored the stability of different types of biochars and found that the C in plant-based biochars took longer to mineralize than manure-based chars, and also that C in the lower temperature (400 • C) biochars mineralized faster than that in corresponding higher temperature (550 • C) biochars [39] . 
Plant Growth
Growth index (GI) values indicated that all biochar-treated plants had significantly larger GI than the control. A higher significant difference in GI among treatments was seen after 7 weeks into the growth cycle (Figure 1) . Particularly, plants from the lower temperature biochar treatments of 450 Low and 300 High had the largest growth index, at nearly twice than that of the control treatment.
Collected leachates were analyzed for concentrations of NO 3 , P, Ca, and Mg in growing media ( Table 2 ). The mean concentration of these nutrients in the medium amended with 3% of biochar pyrolyzed at 300 • C collected during weeks 5, 8, and 10 were the highest among all treatments ( Table 2) . The higher concentrations coincided with the higher GI as well as best fruit quality parameters (see below). Application of biochar has been shown to increase plant growth by supplying nutrient elements to growing plants, improving water and nutrient holding capacity [28, 40] , and increased CEC, ultimately preventing leaching of cationic nutrients. Such combined characteristics improve soil fertility, thus accelerate plant growth [41] [42] [43] . However, in this study it was not clear why the nutrient elements in some other media were variable and plant GIs were relatively lower. A possible explanation could be that biochar produced at different temperatures had different physical properties, and inappropriate amounts of amendment (too high or too low) could have created root environments that were not suitable for 'Micro Tom' growth. For example, biochars with different combinations of surface areas and CEC may have varied abilities to retain nutrients. Nevertheless, this study showed that even with the same feedstock, biochars produced at different temperatures differ in properties and their use as soil amendment should be carefully tested before large-scale application. Another possibility for the variation in plant growth could be the production of ethylene from the biochar amendment. Ethylene is part of the remaining non-aromatic compounds in fresh biochars, and recent studies showed that ethylene can be generated using fresh biochars [44] . Ethylene effects on plant growth and development, and impacts on fruit ripening, have been well established [45] [46] [47] . A study by Fulton et al. [48] suggested that to reduce ethylene release and its adverse effects on plants, biochar should be stored in an open environment for 90 days prior to use in nursery plants. Although not measured in this study, the likely presence of ethylene in the biochar used could have affected plant growth (as discussed below) and some fruit quality attributes. The production of ethylene from biochar and its role on root growth remains an interesting mechanism to be investigated.
Fruit Quality at Harvest
To date, information on the effects of biochar on the tomato yield and quality are still scarce [49] . Color and firmness of tomatoes are important quality attributes because they are highly correlated with sensory attributes, such as taste and aroma [50] . For simplicity, only the L* (lightness), a* (redness), and hue angle were reported in this study (Figure 2 ). Tomato fruit from plants grown in media amended with biochar pyrolized at lower or higher than 450 • C had a darker red color (higher a* values) than fruit from other treatments (Figure 2) . The hue angle of full red tomato is generally within the range of 30 • to 50 • , with lower values indicating deeper red or purple color and higher values indicating a more orange color [51] . In this study, the small range (38) (39) (40) (41) (42) in the hue angle values of tomatoes from different treatments indicated that fruit were roughly at the same color stage (Figure 2) . Increased a* values have shown to be directly associated with lycopene synthesis, whereas the a*/b* ratio has been reported to be a good indicator of lycopene content and therefore could be used to characterize the tomato ripeness stage [23, 52] . Fruit from the 600 High treatment were significantly larger and firmer than the control. Fruit from the 300 Low treatments were larger, while those produced from the 450 High and 450 Low were firmer compared to the control and other treatments (Figure 3) . Tomato firmness is an important attribute because it is associated with good eating quality and longer postharvest life [24] . Appearance of the fruit were qualitatively evaluated for differences in locular structure and seed population, showing no significant differences amongst treatments (data not shown). Petruccelli et al. [19] evaluated effects of three different types of biochars (wheat straw biochar, poplar biochar, and olive residues biochar) at concentrations of 10% and 20% (w/w) on tomato growth, and also found no significant differences in fruit size and weight amongst treatments.
Reducing sugars, such as glucose and fructose, are the major components of the SSC with the remainder consisting of organic acids, lipids, minerals, and pigments. Both SSC and sugar levels (fructose and glucose) of biochar-treated fruit were significantly higher than the control. However, fructose, glucose, and SSC where higher in fruits from the 300 Low treatment compared to the control (Figure 4) . These results are in agreement with previously published data that show mature tomatoes having SSC ranging from 4.5 to 8.5% of its fresh weight [53] . Organic acids measured as a percentage of citric acid and AA content showed that fruits treated with lower temperature biochars tended to have higher acidity and lower AA levels than the other treatments ( Figure 5 ). In a previous study, Petruccelli, Bonetti, Traversi, Faraloni, Valagussa and Pozzi [19] also showed that the type of feedstock influenced the biochar soil amendment and found that tomatoes (cv. Rio Grande) grown in a substrate amended with biochars made from straw and olive residues produced at 1200 • C had higher secondary metabolites, phenolic compounds, and lycopene compared to those grown in a poplar biochar amended soil. As tomatoes mature on the plant, sugar-to-acid ratio increases, resulting in higher soluble solids and lower acidity [24] . The sugar-to-acid ratio for the 300 High, 450 High, and 600 High treatments were significantly higher than the control, indicating higher maturity or difference in flavor ( Figure 6 ). 
Conclusions
This is the first study to show that biochars pyrolyzed at different temperatures when amended to a soil at different rates affect tomato growth and fruit quality. Overall, lower temperature biochars, particularly those produced at 300 • C, had the most significant effect on plant growth and a positive effect on fruit quality. Also, lower temperature biochar treatments produced firmer fruit with a darker red color, higher sugar and acids levels, and potentially higher nutritional value as indicated by a higher content of vitamin C (ascorbic acid). Since the sugar-to-acid ratios and hue angle values amongst the treatments were not significantly different, this indicated that the fruit were at a similar maturity stage. Hence, the superior quality of these tomato fruit can be attributed to the biochar treatments and not to the difference in the maturity of the fruit. Thus, biochar may have contributed to an increase in nutritional quality of the fruit. Furthermore, an effect on ripening physiology (hormonal regulation) should also be considered. This study also showed that the medium amended with biochar pyrolyzed at 300 • C had the highest mean concentration of NO 3 -N, P, Ca, and Mg. These concentrations are well within recommended ranges for tomato production, thus plant growth and fruit quality were improved. This may provide an explanation for the increased plant growth and improved fruit quality and a promising use of biochar for soil amendment.
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